Abstract-Phase errors caused by fabrication variations in silicon photonic integrated circuits are an important problem, which negatively impacts device yield and performance. This paper reports our recent progress in the development of a method for permanent, postfabrication phase error correction of silicon photonic circuits based on femtosecond laser irradiation. Using beam shaping technique, we achieve a 14-fold enhancement in the phase tuning resolution of the method with a Gaussian-shaped beam compared to a top-hat beam. The large improvement in the tuning resolution makes the femtosecond laser method potentially useful for very fine phase trimming of silicon photonic circuits. We also show that femtosecond laser pulses can directly modify silicon photonic devices through a SiO 2 cladding layer, making it the only permanent post-fabrication method that can tune silicon photonic circuits protected by an oxide cladding.
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I. INTRODUCTION

S
ILICON-ON-INSULATOR (SOI) has gained widespread industry acceptance as a material platform for photonic integrated circuits (PICs) thanks to several attractive attributes. Its compatibility with the CMOS fabrication process allows low cost Si PICs to be manufactured on a large scale. In addition, crystalline silicon (c-Si) has low loss and a high index of refraction at the telecommunication wavelengths, which allows strongly-confined waveguides and waveguide bends with small radii to be realized, thus enabling denser integration. However, the high refractive index contrast of SOI waveguides also makes silicon photonic circuits very sensitive to fabrication imperfections, as the minutest change in the waveguide dimensions can lead to a noticeable change in the effective index of the waveguide, which causes phase errors in the circuit. As a result, phase-sensitive devices such as Mach-Zehnder interferometers (MZI) and microring resonators are extremely susceptible to fabrication errors. These phase errors manifest themselves in a variety of undesirable effects, such as resonant frequency detunings in microring resonators, and displacement of the interference maxima of an MZI from the designed wavelengths. In most applications, fabrication induced phase errors result in sub-optimal performance of the PIC and may even render the circuit nonoperational.
Studies have shown that unfortunately, it is currently not possible to fabricate silicon photonic integrated circuits with enough precision so that the phase errors can be kept within a tolerable range for a given application [1, 2] . For instance, even a 1 nm change in the width or height of a silicon microring waveguide can result in a shift in the microring resonant frequency of about 100 GHz, which is unacceptable for most applications. For this reason, a post-fabrication phase trimming method must be used to correct the phase errors and restore the proper functionality of the circuit.
There are two general approaches for post-fabrication tuning of silicon photonic devices: active techniques which require a constant supply of power to induce a change in the waveguide effective index, and passive techniques which can permanently change the effective index. The most common active method is to change the effective index of a silicon waveguide using the thermo-optic effect [3] [4] [5] . This is accomplished by placing a resistive micro-heater near the waveguide to vary its local temperature. Since silicon has a relatively large thermo-optic coefficient, the technique has been shown to be an effective way to tune silicon photonic circuits. Another active trimming technique is by injecting free carriers into the silicon waveguide, which changes its effective index via free carrier dispersion [6, 7] . Active phase correction methods have the obvious drawback that they require a constant supply of power, which may impact the overall power efficiency of the circuit. In addition, they also require extra processing steps to fabricate the microheaters or electrodes for electrical contacts.
Passive phase correction methods on the other hand do not require a constant power supply and therefore are preferable for most applications. Various passive methods have been demon-strated for permanent tuning of silicon photonic circuits. A common approach is to change the refractive index of the cladding layer of the silicon waveguide. This can be achieved by employing a photosensitive cladding material whose index can be varied by exposure to ultraviolet [8] or visible light [9] . Electron beam exposure has also been used to trim the cladding index [10] . These methods share the common disadvantage that they require materials and processing steps that may not be compatible with the CMOS process for silicon photonic manufacturing. An alternative post-fabrication tuning approach which does not require special cladding materials is by modifying the silicon waveguide core itself. One attempt was to change the silicon index by inducing stress in the waveguide through the compaction of the SiO 2 cladding layer by an electron beam [11] . The silicon waveguide core can also be oxidized to reduce its size and hence the effective index. This has been demonstrated using an atomic force microscope (AFM) tip [12] and a visible continuous-wave (CW) laser [13] . Variations of permanent methods for changing the effective index of a silicon waveguide either by modifying the cladding or the silicon core have also been demonstrated [14] . However, all of these methods are either slow, have limited index tuning range, or require delicate setups which render them impractical for large-scale automated operation in commercial silicon photonic manufacturing.
Recently we demonstrated a new technique for permanent phase error correction of silicon photonic circuits by femtosecond laser irradiation [15] [16] [17] . At high enough fluences, the absorption of a femtosecond laser pulse energy in a crystalline silicon material can cause permanent modification to its crystallinity, which leads to a change in the refractive index of the material. Using femtosecond laser pulses at the 400 nm wavelength with a top-hat beam profile, we showed that the effective index of a silicon waveguide could be tuned by varying the fluence of the femtosecond laser pulse. The technique can thus be used for permanent phase error correction of silicon photonic circuits. Compared to other permanent tuning methods, the femtosecond laser technique is fast and robust, does not require any changes to the fabrication process and is readily adaptable to wafer level operation. To demonstrate the potential application of the method to practical silicon PICs, we have employed it to correct the resonant frequency mismatch in a high-order microring filter [16] , and to reduce the polarization dependent loss caused by phase error in a polarization diversity Differential Phase Shift Keying (DPSK) demodulator circuit [17] .
In this paper, we report our recent progress in enhancing the phase trimming resolution of the femtosecond laser method through the use of beam shaping technique. Specifically, we show that by employing a Gaussian beam profile instead of a top-hat beam, we can enhance the tuning resolution by 14 times, making the method suitable for fine-trimming of silicon PICs. We also investigate the effect of the laser wavelength on the tuning process by comparing experimental results of tuning microring resonances performed at 400 nm and 800 nm wavelengths. Finally, we demonstrate the ability of femtosecond laser pulses to modify silicon photonic devices directly through an SiO 2 cladding. To our knowledge, this is the only permanent method that is capable of tuning silicon devices through a thick oxide cladding. The paper is organized as follows. Section II provides a brief background on femtosecond laser interactions with silicon material and gives a description of the apparatus used for our femtosecond laser tuning experiments. Section III shows how beam shaping can be used to achieve fine tuning of silicon microring resonators at both the 400 nm and 800 nm wavelengths. Post-fabrication tuning of silicon photonic devices through a SiO 2 cladding layer is demonstrated in Section IV. A conclusion is given in Section V.
II. FEMTOSECOND LASER TUNING EXPERIMENT
Femtosecond laser pulses have the ability to deliver a very large amount of energy very quickly to the surface of an absorbing medium [18] . This can lead to much smaller interaction volumes, and thus more precise modification of the material, compared to nanosecond pulses [19] . For interactions with crystalline silicon, different processes depending on the laser pulse energy and wavelength can lead to different final states of matter [20] [21] [22] [23] [24] [25] [26] [27] . It has been shown that femtosecond laser pulses can create a thin layer of amorphous silicon at a crystalline silicon surface when the laser pulse fluence exceeds the melting threshold [20] [21] [22] [23] [24] [25] [26] . The thickness of this layer is also dependent on the laser wavelength used [24] [25] [26] . When the laser pulse fluence is further increased, ablation can occur in which a thin layer of material is removed from the surface [20, 21] . This process is sometimes called nanomilling. Both the amorphization and nanomilling processes can be used to alter the effective index of a silicon waveguide for phase error correction applications, although amorphization provides a more predictable and repeatable tuning curve with lower induced loss [16] .
In our experiments, we used single femtosecond laser pulses of approximately 130 fs FWHM at both 800 nm and 400 nm wavelengths. The 800 nm wavelength pulses were produced by a Ti:Sapphire laser. The pulses at 400 nm wavelength were generated by frequency doubling the 800 nm wavelength pulses using a BBO (barium borate) nonlinear crystal, with the remaining 800 nm pulse removed with a bandpass filter. Due to the high single-photon (linear) absorption of silicon at the 400 nm wavelength [28] , most of our tuning experiments were conducted at this wavelength.
The setup for the femtosecond laser tuning experiment is shown in Fig. 1 . Single femtosecond pulses at 800 nm or 400 nm wavelength were first passed through an aperture (A1) used to create either a top-hat intensity profile or a Gaussianlike profile. The top-hat beam profile is obtained by demagni-fied imaging the center part of the input Gaussian beam from the laser selected with the aperture. This provides a uniform fluence profile over the beam spot. The pinhole aperture can also be used to create an Airy disc pattern when focused. This allows approximately Gaussian beam profiles to be created with different beam diameters by varying the aperture size.
After passing through the aperture, a small sample of the beam is diverted by a beam splitter (BS1) and directed to a photodiode for fluence calculation. The main beam is directed by two dielectric mirrors (M1, M2) through a 10x microscope objective which focuses the beam onto the silicon chip. The chip itself is attached to a motion stage which is used to position the beam on the silicon waveguide to be modified. A green LED is also used to image the chip on a CCD camera for alignment purposes.
III. FINE TUNING OF SILICON PHOTONIC CIRCUITS WITH A GAUSSIAN BEAM
For post-fabrication phase error correction of silicon photonic circuits, it is desirable that the technique allows for very fine trimming of the phase. In general, the tuning resolution of the femtosecond laser method can be improved by decreasing the waveguide area affected by the laser pulse. One way to achieve this is to decrease the beam spot size. However, it is difficult to focus a top-hat beam to below a few microns in diameter, which limits the tuning resolution in our previous experiments [16] . To overcome the diffraction limit of the beam spot size, we propose instead to use a Gaussian-shaped beam to achieve fine-tuning. For a laser beam with a Gaussian intensity profile, only the area at the center of the beam with fluence above the amorphization threshold will modify the waveguide index. This area can be made vanishingly small by decreasing the peak fluence of the Gaussian beam, so that in principle very small tuning resolution can be achieved.
In this section, we demonstrate the fine tuning capability of the femtosecond laser method with a Gaussian-shaped beam at 400 nm and 800 nm wavelengths. In the experiments, we used silicon microring resonators as the test devices since they allow changes in the effective index of the waveguide to be accurately determined by measuring the resonant wavelength shifts of the resonator. The silicon microrings had a radius of 15 μm, waveguide dimensions of 340 nm height by 300 nm width, and an underlying SiO 2 buffer layer of 1 μm thickness. Each microring was evanescently coupled to a straight waveguide via a coupling gap of 360 nm. The devices were fabricated using electron beam lithography and a dry etching process. Figs. 2(a) and (b) show a cross-sectional diagram of the silicon waveguide without a top cladding and an SEM image of a fabricated microring resonator, respectively. A typical measured resonance spectrum of the microrings for the TM polarization is shown in Fig. 2(c) . The resonators had a nominal free spectral range of about 5 nm and an extrinsic quality factor of about 25,000.
A. Fine Tuning with a Gaussian Beam at 400 nm Wavelength
We irradiated the microrings with femtosecond laser pulses with Gaussian intensity profile at the 400 nm wavelength. The Gaussian beam spot had a 1/e 2 radius of 6.2 µm. Each microring resonator was shot once with a laser pulse centered over the left side of the microring waveguide and once again with a single pulse centered over the right side of the microring, as depicted by the dashed circles in Fig. 2(b) . The shots were always taken on previously unmodified sections of the microring waveguide and each microring was subjected to only two shots. The spectral response of the device was measured after each laser shot to determine the amount of induced resonant wavelength shift. We also performed curve fitting of the resonance spectrum in order to estimate the change in the roundtrip loss of the microring after each laser shot. Fig. 3 shows the data (red circles) for the resonant wavelength shift as a function of the peak fluence of the laser pulse. Over the range of peak fluence values used, the wavelength shifts are positive, which correspond to increases in the effective index of the microring waveguide. As discussed in [16] , we attribute the effective index increase to the amorphization of a thin layer of crystalline silicon near the waveguide surface, which slightly increases the effective index of the waveguide since amorphous silicon has a higher index of refraction than crystalline silicon. We also observe in Fig. 3 that the resonant wavelength shift has a fairly linear dependence on the peak laser fluence. The slope of this linear dependence, which gives the wavelength tuning rate, is 8.4 nm per J/cm 2 . By extrapolating the data in the plot to zero Fig. 3 . Plot of the resonant wavelength shift vs. peak laser fluence for microring resonators after irradiation with femtosecond pulses with Gaussian beam profile at 400 nm wavelength (red circles). The blue line is the predicted Gaussian beam tuning curve calculated using data from the top-hat beam tuning experiment in [16] .
wavelength shift, we determine the threshold for amorphization of silicon to be 0.053 J/cm 2 , which is slightly smaller than the value of 0.06 J/cm 2 obtained from the tuning experiment using a top-hat beam in [16] . We attribute the difference to the finer fluence control that could be achieved with the Gaussian beam.
To further compare the Gaussian beam data with the top-hat beam results, we also plot in Fig. 3 the predicted Gaussian beam tuning curve (blue line) computed using the data from the tophat beam experiment in [16] . To accomplish this, we assume that the relationship between the effective index change in the waveguide and the applied laser fluence is linear, and that only the region of the laser spot above the threshold fluence will cause any change to the waveguide. The resonant wavelength shift due to a Gaussian-shaped pulse with peak fluence F o and 1/e 2 beam radius w o is given by
where F min is the threshold fluence for amorphization, Δn min is the minimum change to the effective index at the threshold fluence, and x is the slope of the linear dependence of the effective index on the applied fluence. The values for x (0.16 cm 2 /J) and Δn m in (0.056) are taken from the top-hat beam data in [16] while the threshold fluence value F min (0.053 J/cm 2 ) is taken from Fig. 3 . We observe that the predicted Gaussian beam tuning curve in Fig. 3 intersects or comes very close to all the data points, indicating that results from the top-hat beam experiment agree very well with those from the Gaussian beam experiment. The excellent agreement between the two different tuning experiments is significant because it demonstrates the repeatability of the femtosecond laser technique.
The two data points just above the threshold fluence for amorphization in Fig. 3 represent the smallest repeatable resonant Fig. 4 . Plots of the resonance spectrum of a microring resonator before and after irradiation with a femtosecond laser pulse at 400 nm wavelength with a peak fluence of 0.054 J/cm 2 , which is just above the amophization threshold.
wavelength shift that can be achieved with the Gaussian beam. They thus give a measure of the wavelength tuning resolution, which is determined to be 0.05 nm. This wavelength shift is approximately equal to the FWHM of the microring resonance, as shown by the plots of the resonance spectra before and after the laser shot in Fig. 4 . By comparison, the minimum wavelength shift obtained with the top-hat beam tuning experiment in [16] was 0.7 nm when the fluence of the entire beam was above the amorphization threshold. This 14-fold improvement in wavelength resolution over the top-hat beam demonstrates that very fine tuning of silicon photonic devices can be achieved by using femtosecond laser pulses with a Gaussian beam profile. In practice, the tuning precision of the femtosecond laser method is limited by how accurately the beam spot can be focused and aligned on the waveguide, and how accurately the laser fluence can be controlled and measured. These are the two dominant contributions to the random deviations of the data points from the predicted tuning curve in Fig. 3 .
B. Fine Tuning with a Gaussian Beam at 800 nm Wavelength
We also performed tuning experiment of microring resonators with a Gaussian beam at the 800 nm wavelength to study the effect of the laser wavelength on the tuning process. The femtosecond laser pulses had a Gaussian-shaped beam profile with a radius of 13.1 µm, which is approximately twice the beam spot size at 400 nm wavelength. The silicon microring resonators were the same as those used in the 400 nm wavelength experiment. Fig. 5(a) shows the data (blue squares) for the resonant wavelength shift vs. the peak laser fluence obtained at the 800 nm wavelength. For comparison, we have also included the data obtained at the 400 nm wavelength (red circles) on the same plot. The dashed lines represent the best linear fits to the two sets of data. We observe that the tuning curve at the 800 nm wavelength has a much steeper slope than the tuning curve at the 400 nm wavelength. Accounting for the fact that the Gaussian beam diameter at the 800 nm wavelength is about twice as large as the beam diameter at the 400 nm wavelength, we find that the tuning rate at the 800 nm wavelength is about 2.5 times higher than the tuning rate at the 400 nm wavelength. This may be due to the longer absorption depth of the 800 nm pulse compared to the 400 nm pulse, but more studies are required to ascertain the exact physical origin of this difference [25] . From Fig. 5(a) we also determine the threshold fluence for amorphization of silicon at 800 nm wavelength to be 0.044 J/cm 2 , which is slightly lower than the threshold fluence for 400 nm pulses. However, the tuning resolution at the 800 nm wavelength is roughly the same as that at the 400 nm wavelength, which is about 0.05 nm in terms of the minimum achievable wavelength shift in the microring resonance spectrum. Thus, in terms of fine tuning, there seems to be no advantage in using 800 nm laser pulses compared to those at the 400 nm wavelength.
The best-fit straight lines drawn in Fig. 5(a) assume that near the amorphization threshold, the relationship between the resonant wavelength shift and the laser fluence is linear at both the 400 nm and 800 nm wavelengths. The variations of the data points from these best-fit lines are caused by the experimental uncertainty in controlling the laser fluence and in focusing and aligning the beam spot on the waveguide. To give a measure of the statistical variations from shot to shot, we can use the root mean square error (RMSE) of the linear curve fit, which gives the standard deviation of the wavelength shifts from the expected values predicted by the straight line. The RMSE values are calculated to be 0.044 nm for the data at 400 nm wavelength, and 0.16 nm for the 800 nm wavelength data. These RMSE values indicate the expected error in the wavelength shift for a given laser fluence, and thus represent the tuning precision of our current femtosecond laser tuning setup. We note that the tuning precision at 400 nm wavelength (0.044 nm) is comparable to the tuning resolution of 0.05 nm discussed previously. However, for the 800 nm wavelength, the tuning precision (0.16 nm) is much larger than the resolution. This may be due to the larger variations associated with aligning a larger beam spot size, and the fact that the relationship between resonant wavelength shift and fluence at 800 nm may not be exactly linear as assumed.
In Fig. 5(b) we plot the increase in the microring roundtrip loss due to femtosecond laser irradiation with a Gaussian beam vs. the resonant wavelength shift. The roundtrip loss was determined by performing curve fitting of the measured resonance spectrum of the microring after each laser shot. Data at both the 400 nm and 800 nm wavelengths are shown for comparison. At both laser wavelengths, we observe a roughly increasing trend in the induced loss in the microring with larger resonant wavelength shift. The increase in the waveguide loss after irradiation can be attributed to the higher absorption and increased scattering from the volumetric index inhomogeneities in the amorphized silicon layer. The increasing trend in the waveguide loss with resonant wavelength shift is also expected since for a larger wavelength shift, a thicker layer of crystalline silicon near the waveguide surface is amorphized, which leads to larger loss due to absorption and scattering. We also observe in Fig. 5(b) that for the same amount of wavelength shift, the induced losses at both laser wavelengths appear to be roughly the same, at least for data points up to 1 nm of wavelength shift. Thus, neither laser wavelength seems to offer a definitive advantage in terms of loss. Note, however, that to achieve the same resonant wavelength shift, a larger fluence is required at the 400 nm wavelength than at 800 nm wavelength.
To summarize, we showed in this section that it is possible to achieve very fine tuning of silicon photonic devices by using femtosecond laser pulses with a Gaussian beam profile. We also found that laser pulses at the 400 nm and 800 nm wavelengths give similar performance in terms of tuning resolution and induced waveguide loss, although the 800 nm pulses have a higher tuning rate compared to pulses at the 400 nm wavelength. For up to 1 nm shift in the resonant wavelength of the microring, the extra induced loss is kept below 0.5 dB roundtrip loss per laser shot, or about 5 dB/ mm per shot in the microring waveguide. This loss increase may seem high but for fine-tuning applications requiring only small wavelength shifts, the impact of the increased loss on the total insertion loss of the device is minimal, as we have previously demonstrated in several practical device applications [16, 17] . 
IV. FEMTOSECOND LASER TUNING THROUGH AN OXIDE CLADDING LAYER
In practical applications, silicon photonic circuits are usually covered by a SiO 2 cladding layer, either for protection from the environment or for fabrication of additional layers such as heaters and electrical contacts on top of the circuit. Femtosecond laser pulses can be used to directly modify a silicon waveguide through a cladding layer as long as the cladding material is transparent to the laser wavelength. In this section we report the results of our experiments on femtosecond laser tuning of silicon microring resonators covered with a thick oxide layer to study the effect of the cladding layer on the laser modification process.
In the experiment, we irradiated silicon microrings with single femtosecond laser pulses at the 400 nm wavelength with a tophat intensity profile and a 5.5 µm beam radius. We chose a tophat beam profile since the uniform fluence distribution allows us to more easily determine the threshold fluence for causing permanent index change in the silicon. The microring resonators used were the same as those in the previous experiment but with an extra 1.8 µm thick SiO 2 cladding layer deposited on top by a plasma enhanced chemical vapor deposition (PECVD) process. A thick cladding layer was used to ensure that any change to the effective index of the waveguide was caused by laser modifications at the silicon waveguide surface and not at the surface of the cladding layer. A cross-sectional diagram of the waveguide is shown in Fig. 6(a) along with an SEM image of the end facet of a fabricated waveguide in Fig. 6(b) . The waveguide end facet is widened to 2 µm for butt-coupling purposes. Since PECVD is a conformal deposition process, a SiO 2 dome is formed above the silicon waveguide, as depicted in Fig. 6(a) and also observed in the SEM image in Fig. 6(b) . Finite Difference Time Domain (FDTD) simulations of light at 400 nm wavelength incident normally on the chip surface showed that, accounting for a small reflection from the air-oxide interface, this dome causes a two-fold increase in the laser fluence at the surface of the silicon waveguide due to lensing effect. Fig. 7 shows the plot of the resonant wavelength shift vs. the applied laser fluence for the oxide-clad microrings (solid red squares). Also shown are the data for the unclad microrings (open blue squares) from our previous experiment with a top-hat beam in [16] . These data have been scaled by a factor of two for better comparison with the data for the clad microrings in order to account for the lensing effect of the oxide dome. Also indicated on the right axis of the plot are the corresponding changes in the effective index of the microring waveguide. The effective index change is calculated from the resonant wavelength shift of the microring using the expression
where λ is the resonant wavelength, Δλ is the wavelength shift, n g is the group index, R is the microring radius and L is the length of waveguide modified by the laser beam. For a top-hat beam profile, L is approximately equal to the beam spot diameter. The plot in Fig. 7 shows that over the fluence range of 0.03 − 0.07 J/cm 2 , the data for the clad microrings follow a very similar trend to those of the unclad devices, indicating an amorphization threshold fluence of about 0.03 J/cm 2 and an almost linear tuning slope of 41 nm per J/cm 2 . The magnitudes of the effective index change are also very similar for both clad and unclad devices, implying that the same physical mechanism of amorphization likely occurs in both devices. The dashed line represents the best fit to the resonant wavelength shift data in the linear tuning regime, with the RMSE of the fit calculated to be 0.14 nm. As the laser fluence approaches the bare silicon ablation threshold, the resonant wavelength shift of the clad microrings decreases and eventually levels off above the ablation threshold, without becoming negative as in the case of the unclad microrings [16] . The presence of the cladding layer suppresses the ablation process, although the induced loss in the microrings in this regime increased so much that the microring resonances became broadened and eventually disappeared, making it difficult to accurately measure the resonant wavelength shifts. Fig. 8 shows the plot of the induced roundtrip loss in the clad microrings as a function of the resonant wavelength shift over the linear tuning range. We again observe a similar increasing trend of the induced loss with the resonant wavelength shift as in Fig. 5(b) .
In summary, the results in this section show that the femtosecond laser method can also be used to modify the effective index of a silicon waveguide with a thick oxide cladding. With the exception of the lensing effect caused by the dome-shaped cladding, the tuning curve is similar to that of unclad devices, showing a range of fluences near the amorphization threshold where the effective index change increases linearly with the applied fluence. This linear regime is the useful tuning range for oxide-clad silicon photonic devices. For devices with a planarized cladding layer, there is no lensing effect from the oxide dome so we expect the tuning rate and tuning resolution to be nearly identical to those of unclad devices.
V. CONCLUSION
This paper reports our recent progress in the development of a femtosecond laser tuning method for permanent correction of fabrication-induced phase errors in silicon photonic circuits. We showed that by using femtosecond laser pulses with a Gaussian beam profile, we could achieve a 14-fold improvement in the tuning resolution compared to pulses with a top-hat profile, making the method potentially useful for very fine-trimming of silicon PICs. We also investigated the effect of the laser wavelength on the tuning process and found that at both the laser wavelengths studied, 400 nm and 800 nm, we obtained roughly the same linear tuning curve, tuning resolution and loss performance, except that the tuning rate is about 2.5 times higher at 800 nm wavelength than at 400 nm. Finally, we demonstrated the ability of the femtosecond laser pulses to directly modify silicon waveguides through a SiO 2 cladding layer. This is a unique capability and an important advantage of the femtosecond laser technique over other permanent tuning methods since practical silicon photonic devices are commonly protected by an oxide cladding layer after fabrication.
Although all tuning experiments in this paper were done on photonic devices operating in the TM mode, the technique can also be used to modify the effective index of the TE mode [17] . In general, since most of the laser energy is deposited near the surface of the waveguide, the TM mode is expected to be slightly more sensitive to the induced index change at the waveguide surface than the TE mode. Also, in the experiments, we used a single femtosecond laser pulse to tune a previously-unmodified section of the silicon waveguide since this was found to be more repeatable than shooting multiple pulses at the same spot [15] . An alternative approach that may also be viable is to shoot multiple laser pulses with fluences well below the amorphization threshold. This approach may result in even finer index trimming and merits further investigation.
